Background Repolarization abnormalities are associated with ventricular arrhythmias, and published studies report that a reversal of T wave polarity (positive or flat T wave) in lead aVR may be linked to increased cardiovascular mortality. We evaluated whether a positive or flat T wave in aVR is a risk marker for sudden cardiac death (SCD). Methods SCD cases from the Oregon Sudden Unexpected Death Study (catchment population~1 million) were compared to geographic controls with coronary artery disease and no history of SCD. Archived electrocardiograms performed prior and unrelated to the SCD event were evaluated. Results SCD cases (n=691, 67.6±14.9 years, 69 % male) were more likely than controls (n=663, 66.2±11.6 years, 67 % male) to have diabetes (40 vs 32 %; p<0.01), left ventricular ejection fraction (LVEF) ≤35 % (27 vs 11 %; p<0.01), prolonged QTc (≥450 ms; 54 vs 28 %; p<0.01) and positive (19 vs 13 %; p<0.01) or flat T wave (14 vs 7 %; p<0.01) in aVR. On multivariable analysis, a positive/flat T wave in aVR was independently associated with SCD (OR 1.9, 95 % CI 1.3-2.8, p<0.01). However, a positive T wave alone lost statistical significance in patients with LVEF ≤35 % and QTc≥450 ms. In a subgroup analysis among patients with normal LVEF, QTc, and no diabetes, a positive T wave in aVR (but not a flat T wave) remained associated with SCD (OR 2.8, 95 % CI 1.2-6.1, p<0.01). Conclusions A positive or flat T wave in lead aVR was associated with SCD in subsets of patients. This simple ECG marker in this often-ignored lead may contribute to enhancement of SCD risk stratification, and warrants further evaluation.
Introduction
An estimated 300,000-350,000 cases of sudden cardiac death (SCD) occur annually in the USA, with survival rates as low as 6 % despite ongoing improvements in resuscitation science [1, 2] . Implantable cardioverter-defibrillators (ICDs) reduce mortality from SCD in selected candidates with reduced left ventricular ejection fraction (LVEF) [3, 4] . However, both population-based SCD data [5, 6] , and annual therapy rates from the large primary prevention ICD trials [3, 7] indicate that LVEF alone is unlikely to be an adequate risk stratifier. By current LVEF-based guidelines, a significant proportion of the at-risk subjects for SCD in the community may not be identified [8] . Novel approaches to SCD risk stratification require identification of new, easily available risk markers such as those identified from the 12-lead electrocardiogram (ECG).
Disturbances in repolarization are known to play a key role in arrhythmogenesis. We and the others have previously reported on the potential utility of repolarization measures from the ECG such as the corrected QT interval (QTc) [9, 10] and the T-peak-to-T-end interval (Tpe) [11, 12] . The ECG lead aVR, an often ignored lead, has nonetheless been shown to have unique diagnostic value in specific clinical settings such as proximal left anterior descending (LAD) coronary disease [13] and diagnosis of ventricular tachycardia [14] . A recent study evaluating various ECG markers associated with coronary mortality and SCD suggested that increased amplitude of the T wave in aVR, quantified in microvolts, is associated with adverse outcome [15] . Since greater T amplitude in aVR correlates with a more positive T wave, we proposed that a simple qualitative assessment of the T wave-positive or flat versus inverted-could be a useful marker of arrhythmic risk. We therefore evaluated the predictive value of a positive or flat T wave in aVR as a risk marker for SCD.
Methods

Study population
We conducted a population-based case-control analysis. The Oregon Sudden Unexpected Death Study (Oregon-SUDS) is an ongoing, prospective, population-based study of SCD in the Portland, Oregon metropolitan area (catchment population approximately 1 million). Cases of out-of-hospital cardiac arrest were identified through multiple sources: emergency medical response system (EMS-ambulance and fire services), county medical examiner's office, and local hospital emergency rooms. SCD was defined as a sudden unexpected death within 1 h of symptom onset (if witnessed) or within 24 h of last having been observed in the usual state of health (if unwitnessed). Survivors of sudden cardiac arrest were also included among the SCD cases. Diagnosis of SCD was determined through an in-house adjudication process by 3 physicians after reviewing all available medical records/autopsy reports for each subject. Probable non-cardiac etiologies such as trauma, drug overdose, and chronic terminal illness were excluded. In parallel, controls were enrolled within Oregon-SUDS during the same time period and from the same geographical region. Control subjects were pre-specified to have a diagnosis of coronary artery disease (CAD), with no history of prior ventricular arrhythmia or SCD. Community-based studies have shown that ≥80 % of SCD patients have associated significant CAD [16] . Thus, this design helps identify risk factors associated with SCD beyond CAD. CAD was defined as ≥50 % stenosis of a major coronary artery, history of myocardial infarction, coronary artery bypass grafting, or percutaneous coronary intervention. Control subjects were also ascertained from multiple sources: chest pain patients attended by emergency medical services, outpatient clinics, and a collaboration with Kaiser-Permanente Northwest, a large health maintenance organization in the Portland metro area.
Subjects included in the current analysis were aged ≥18 years with ECGs available. Detailed clinical information was obtained for all subjects from review of medical records. The LVEF was obtained from the echocardiogram, radionuclide multi-gated acquisition scan or angiogram (performed prior but unrelated to the SCD event for cases).
ECG analysis
Archived ECGs (closest prior but unrelated to the cardiac arrest event for cases; mean interval 23±31 months prior to arrest; 79 % ECGs within 36 months prior to arrest) were reviewed by a trained physician reader blinded to case-control status to identify the presence of a positive or flat T wave in lead aVR. A positive T wave was defined as a dominant upward deflection, and a negative T wave was defined as a dominant downward deflection. A flat T wave was denoted when there was no deviation from the isoelectric segment. Figure 1 shows examples of negative, positive, and flat T wave in lead aVR. The presence of an old infarct was based on pathological Q waves that were at least 40 ms in duration and ≥25 % of the amplitude of the following R wave present in at least two contiguous leads corresponding to a coronary artery territory. The QT interval was measured manually in all the ECG leads using digital software (DataInf Measure: DataInf GmbH; Tubingen, Germany) and corrected using Bazett's formula (QTc=QT/ ffiffiffiffiffiffi RR p ). The longest QTc measurement was used for analysis. Resting heart rate was also obtained from the ECG and categorized as high or low using the 75th percentile value in the controls as a cutoff. This study was approved by the Institutional Review Boards of Cedars-Sinai Medical Center, Oregon Health and Science University, and all participating hospitals and health systems.
Statistical analysis
Case-control comparisons of continuous and categorical variables were performed using independent samples t test and chi-square test, respectively. Multivariable logistic regression was used to determine the independent association between a positive/flat T wave in aVR and SCD. SCD cases with and without a positive/flat T wave in aVR were compared to identify differences. We further performed a sensitivity analysis on the association between positive/flat aVR T wave and SCD among subjects with normal LVEF, normal QT interval, and no diabetes. A two-tailed p value of ≤0.05 was considered statistically significant. Analysis was performed using the Statistical Package for the Social Scientist version 21.0 (SPSS, IBM Inc., New York).
Results
A total of 1354 subjects (cases 691, controls 663; Table 1) were analyzed. Cases were more likely than controls to have diabetes (40.4 vs 32.0 %, p<0.01), LVEF ≤35 % (26.6 vs 10.9 %, p<0.01), prolonged QTc (≥450 ms; 54.2 vs 28.2 %, p<0.01), and high heart rate (>75th percentile; 50.5 vs 23.4 %, p<0.01). There were no significant differences in the other parameters evaluated (Table 1) .
Cases were significantly more likely than controls to have a positive T wave (19.7 vs 11.9 %, p<0.01) or a flat T wave (12.7 vs 6.3 %, p<0.01) in lead aVR. In univariate analysis, presence of a positive/flat T wave in lead aVR doubled the odds of SCD (OR 2.2, 95 % CI 1.7-2.8, p<0.01) compared to a negative T wave. The presence of either a positive T wave alone (OR 1.8, 95 % CI 1.3-2.5, p<0.01) or flat T wave alone (OR 2.2, 95 % CI 1.5-3.2, p<0.01) both increased the odds of SCD. LVEF≤35 % (OR 3.0, 95 % CI 2.0-4.4, p<0.01), diabetes (OR 1.4, 95 % CI 1.2-1.8, p<0.01), and a high heart rate (>75th percentile) (OR 3.3, 95 % CI 2.6-4.1, p<0.01) were also associated with increased risk of SCD.
In multivariate analysis (Table 2 ) adjusting for age, diabetes, and heart rate, a positive/flat T wave remained associated with SCD (OR 1.9, 95 % CI 1.5-2.5, p<0.01). When LVEF≤ 35 % and QTc≥450 ms were included in the model, a positive/ flat T wave still remained associated with SCD with an odds ratio of 1.9 (95 % CI 1.3-2.8, p<0.01). Figure 2 depicts the adjusted odds ratios for SCD associated with a positive/flat T wave in lead aVR and LVEF≤35 % respectively.
In two additional models, we evaluated the separate associations of positive T wave alone or flat T wave alone. Both models were adjusted for age, diabetes, and heart rate, and both parameters were found to be independently associated with SCD in these models (positive T wave alone OR 1.6, 95 % CI 1.2-2.2, p<0.01 and flat T wave alone OR 2.0, 95 % CI 1.3-2.9, p<0.01). When LVEF≤35 % and QTc≥ 450 ms were included in these models, a flat T wave alone (OR 2.0, 95 % CI 1.2-3.2, p<0.01) remained associated with SCD; however, the presence of a positive T wave alone (OR 1.5, 95 % 1.0-2.2, p=0.08) lost statistical significance.
Compared to SCD cases with a negative T wave, cases with a positive/flat T wave in lead aVR ( We therefore performed sensitivity analysis among individuals with normal LVEF (≥50 %), normal QTc (≤450 ms), and no diabetes (N=231; 50 cases, 181 controls). In this subgroup, a positive/flat T wave in lead aVR remained a significant predictor of SCD (OR 2.7, 95 % CI 1.2-6.2, p=0.01). A positive T wave alone (OR 3.6, 95 % CI 1.3-10.0, p=0.01) also remained a significant predictor of SCD, but a flat T wave alone (OR 1.9, 95 % CI 0.6-5.8, p=0.26) lost statistical significance.
Discussion
These findings indicate that the presence of a positive/flat T wave in lead aVR is associated with increased risk of SCD. This association was maintained even after adjustment for LVEF and other ECG risk markers such as heart rate and QTc. However, a positive T wave alone in aVR lost statistical significance in patients with LVEF≤35 % and QTc≥450 ms. We found subjects with a positive/flat T wave in aVR to have a greater burden of classical cardiovascular risk factors (i.e., older age, diabetes, hypertension, low LVEF, and previous MI), which is consistent with published studies [17] [18] [19] [20] [21] [22] . However, when looking at the subgroup with normal LVEF (≥50 %), normal QTc (≤450 ms), and without diabetes, a positive/flat T wave in aVR still remained significantly associated with SCD, suggesting that this ECG finding may have a specific association with ventricular arrhythmias. These findings could have important implications for improving SCD risk assessment. A prior analysis from the Atherosclerosis Risk in Communities (ARIC) study demonstrated an association between greater T wave amplitude in aVR and CAD mortality, including SCD; however, this was based on a smaller number of SCD cases [15] . We observed that a simple subjective assessment of a positive/flat T wave in aVR is associated with SCD. For a better understanding of underlying mechanisms, we further evaluated the phenotypic characteristics of subjects with a flat/positive T wave and are reporting some distinctive characteristics. Few other studies have reported an association between a positive/flat T wave in lead aVR and overall cardiovascular mortality [17, 18, 23] . Studies in specific populations, including heart failure patients with narrow QRS complexes [19] , hemodialysis patients [20] , women [24] , anterior wall STEMI patients undergoing primary PCI [21] , and those with a prior myocardial infarction [25] , also found a positive/flat T wave in lead aVR to be associated with increased risk of mortality.
The mechanism for a positive/flat T wave in lead aVR leading to an increased risk for cardiovascular/arrhythmic mortality and SCD is speculative at present. It has been suggested that given the anatomical position of lead aVR, T wave changes in this lead indicate repolarization abnormalities within the apical region of the heart [17, 23] . Furthermore, any myocardial disease process (such as strain secondary to increased LV mass or ischemia) that would cause T wave inversions in the lateral leads would be accompanied by reciprocal T wave changes in lead aVR [18] . It has also been postulated that ischemia in the anterior and inferior wall may cause spatial directional changes in the repolarization vector leading to less negative or positive T waves in lead aVR [15] . One study looking at coronary angiography data in patients with old anterior wall myocardial infarction (MI) found those with a positive T wave in lead aVR had greater likelihood of a longer left anterior descending artery (LAD), ≥ 75 % stenosis of the LAD, and multi-vessel disease compared to those with negative T wave (although the latter two were not statistically significant), supporting ischemia as one cause for repolarization abnormalities leading to T wave positivity in lead aVR [22] . Like other studies that found a high prevalence of multivessel disease and old MI [20] [21] [22] in patients with a positive T wave in lead aVR, we also found old infarcts to be more prevalent in those with a positive/flat T wave in lead aVR. Our findings support the hypothesis that old infarcts or ischemia likely lead to repolarization abnormalities and contribute to arrhythmogenic substrates, linking a positive/flat T wave in aVR and SCD risk. Further prospective studies in diverse populations investigating these mechanisms in detail are needed and may lead to improved SCD risk stratification.
Limitations
A large population base with prospective ascertainment and physician-based adjudication of SCD cases are some of the strengths of the present study. However, some limitations need consideration. The main purpose of this analysis was to evaluate T wave changes in the neglected (aVR) lead; evaluation together with other markers of abnormal repolarization, such as early repolarization, could not be performed since early repolarization data was not available at the time of the present analysis. We were obliged to restrict the analysis to subjects with appropriate ECGs available and the results therefore may not be generalizable. Multivariable models and sensitivity analysis were performed; however, in any observational study of this nature, unknown confounders cannot be excluded with certainty. In the two smallest subgroup analyses, one of the T wave parameters lost statistical significance while maintaining consistent trends in the data. A positive T wave alone lost statistical significance in the multivariate analysis that included LVEF and QTc, and a flat T wave alone lost statistical significance in the sensitivity analysis. This is likely due to the decrease in sample size during these analyses (N=742 and N=231, respectively). Finally, further prospective studies in varied populations are needed to validate these findings, and whether addition of this ECG marker improves risk prediction beyond the traditional risk factors for SCD.
Conclusion
A positive or flat T wave in lead aVR was associated with increased risk of SCD in subsets of patients. This simple ECG marker in the often ignored lead has the potential to contribute to the SCD risk stratification armamentarium, and warrants further prospective evaluation.
